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Abstract
The water of the ice-covered lakes of the McMurdo Dry Valleys is derived primarily from glacial melt streams
and to a lesser extent permafrost seeps and subglacial outflow. The result is a mixture of radiocarbon ages that
reflect both the end-member water source and the biogeochemical processing of waters as they migrate to the
lake-water column. Samples were collected from various locations within perennially ice-covered Antarctic lakes
and the streams that feed them, and they were analyzed for radiocarbon abundance of organic and inorganic
carbon. Stream gradient and length were shown to affect the degree of equilibration of water with the modern
atmosphere prior to entering the lakes. Stream microbial mats assimilate inorganic carbon flowing over them.
Seasonal ice-free ‘moat’ water dissolved inorganic carbon (DIC) is largely dependent on the amount of meltwater
input from streams (modern) vs. that from direct glaciers input (old). Under the ice cover, 14C ages of lake-water
DIC and organic matter are dependent on lake history, composition, and quantity of particulate matter fallout.
Bottom waters of the west lobe of Lake Bonney have a DIC age of , 27,000 14C yr before present, which we
believe are the most radiocarbon-deficient lake waters on Earth. Comparison of the radiocarbon profiles in the
two lobes of Lake Bonney, along with previously published geochemical data, provides a new chronology of the
evolution of these two waterbodies and shows that currently deep saline water is being displaced over the sill
separating them.

Measurement of radiocarbon (14C) abundance in sedimentary material is a classic method for establishing
geochronology in paleolimnological studies (Abbott and
Stafford 1996; Oviatt 1997; Vance and Telka 1998).
However, lacustrine chronologies can be seriously affected
by a radiocarbon reservoir effect (Bjorck et al. 1991;
Colman et al. 1996; Schramm et al. 2000) that occurs when
a radiocarbon sample contains carbon derived from a
source that is not (or was not) in equilibrium with the
atmosphere. Polar lake carbon reservoirs may be influenced
by relict carbon from dissolution of carbonate-bearing
rocks, ancient dissolved inorganic carbon (DIC) of icesheets and glacier meltwaters (Doran et al. 1999), as well as
marine bird or mammal droppings (Bjorck et al. 1991). If
not taken into account, this ancient carbon contribution
may bias the age of the sample, and the resulting
chronologic interpretation may be erroneous.
The McMurdo Dry Valleys of East Antarctica have
perennially ice-covered lakes that constitute liquid water
oases within a polar desert (Priscu et al. 1999; Lyons et al.
2000). The lake sediments can yield important paleoclimate
data (Doran et al. 2004; Wagner et al. 2006), but accurate
radiocarbon chronologies require a detailed knowledge of
the source of the carbon analyzed. Ancient lake sediments
of the dry valleys have been radiocarbon-dated, but the
accuracy of these dates remains unknown because of
uncertainties in the origin of local carbon reservoirs
(Stuiver et al. 1981; Hall and Denton 1996; Wagner et al.
2006). There have been previous studies providing a
preliminary assessment of the reservoir effect in the dry

valleys. Doran et al. (1999) investigated stream and lake
organic and inorganic materials to better understand and
constrain the reservoir effect in the dry valleys and
concluded that nearshore stream deposits were equilibrated
with the atmosphere, while lacustrine materials retained an
old and unpredictable reservoir age. Hendy and Hall
(2006), working on different lakes in the dry valleys, largely
concurred with the major results of Doran et al. (1999).
Here, we report on new and expanded results that
demonstrate the extent and origin of the radiocarbon
reservoir in the McMurdo Dry Valleys. Additionally, we
use 14C as a tracer to provide new information on the
hydrologic history of these lakes.
Study area—The McMurdo Dry Valleys (Fig. 1) constitute the largest ice-free area (, 5000 km2) on the Antarctic
continent and are characterized by high winds (average
wind speed 2.5–4.1 m s21, with gusts exceeding 38 m s21),
low mean annual precipitation (, 10 cm; Bromley 1985),
and low mean annual temperatures (ranging from 230uC
to 214.8uC along the valley bottoms; Doran et al. 2002).
Glacial meltwaters feed ephemeral streams, moats (seasonally ice-free lake perimeters), and perennially ice-covered
lakes during the 2 month austral summer (Fig. 2).
Subsurface flow also occurs as water tracks from melting
snow and permafrost that travels along the permafrost
surface (Levy et al. 2011) or subglacial discharge (Keys
1979; Mikucki et al. 2009). Liquid water persists beneath
the thick (3–6 m) lake ice covers year-round. Many authors
have investigated the geochemistry of the dry valley lakes
(Armitage and House 1962; Green et al. 1988; Lyons et al.
1998), demonstrating that an extraordinarily variable
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Fig. 1. Map of the McMurdo Sound region showing lakes and streams discussed in the text.
North is to the top. All figures are based on Landsat imagery.

McMurdo Dry Valleys lakes radiocarbon

Fig. 2.
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Schematic of a generalized hydrologic cycle and carbon pathways in the dry valleys (modified from D. McKnight).

limnology exists among lakes, with large ranges in pH,
dissolved gases, temperature, ionic composition, and
salinity. The perennial ice cover exerts a great control on
the modern lake ecosystem by limiting light penetration,
exchange with the atmosphere, and mixing within the lakes
(Wharton et al. 1993).
During the last glacial maximum, grounded glacier ice
from the Ross Sea Embayment blocked the mouths of
Taylor, Wright, Miers, and Victoria Valleys, resulting in
the formation of Glacial Lakes Washburn (Stuiver et al.
1981; Hall and Denton 2000b), Wright (Hall et al. 2001),
Trowbridge (Pewe 1960), and Victoria (Hall et al. 2002),
respectively. Following lake-high stands (300–400 m above
present lake levels), glacial lake levels fluctuated significantly, and these lakes eventually drained following retreat
of the Ross Sea Ice Sheet. Evidence for this changing lakelevel history comes from radiocarbon-dated strand lines,
deltas, and lake ice deposits (Stuiver et al. 1981; Hall et al.
2000; Hendy et al. 2000). In Taylor Valley, the youngest
perched delta is 8300 14C yr before present (BP), with an
elevation of 20 m above sea level (Hall and Denton 2000a),
which indicates that since this time lake levels have not
been much higher than present. The length of the warming
period following ice-sheet retreat is still debated because
isotopic records of Taylor Dome ice cores show warming
until , 5500 yr BP (Steig et al. 1998), while the study of
penguin remains suggests warming until , 4000–3000 yr
BP (Baroni and Orombelli 1994), and helium records
indicate a climatic shift at , 3000 yr BP in the upper Taylor
Valley (Poreda et al. 2004). However, a dry, cool period
ending at , 1000 yr BP in lower Taylor Valley was
hypothesized based on stable oxygen and deuterium
isotopic records (Lyons et al. 1998). Subsurface brines
have a more ancient history; for example, the brine below

the Taylor Glacier, which emanates at the front of the
glacier as a feature called Blood Falls, is thought to derive
from Tertiary-aged marine water trapped under the Taylor
Glacier (Elston and Bressler 1981; Lyons et al. 2005). For a
full description of the lakes’ chemistry and physical
character, see Lawson et al. (2004).

Methods
Dissolved inorganic carbon—Lake-water samples were
collected from stream-proximal and stream-distal depth
profiles with locations indicated in Lawson et al. (2004).
Lake-water samples were collected with a 1 liter Kemmerer bottle, transferred to precombusted 125 mL serum
vials, poisoned with HgCl2, and sealed with Teflon-faced
septa. Stream-water samples were collected at the source,
middle, and mouth directly into 125 mL serum vials, and
preserved and sealed as described by Lawson et al. (2004).
All major streams that were flowing at the time of our
fieldwork were sampled. Samples from the source of
Blood Falls (Nov 2004), and additional DIC samples
from West Lake Bonney (WLB) at 15, 20, and 25 m (Nov
2006), were collected directly into 125 mL serum vials,
and preserved and sealed as described by Mikucki et al.
(2009).
Particulate organic carbon—Large volumes of lake water
(20–40 liters) were collected with 4.2 liter Kemmerer bottles
at discrete depths in the center of each lake for particulate
organic carbon (POC) filtrations (Lawson et al. 2004).
Lake water was filtered in subdued light onto 47 mm
precombusted Whatman GF/F glass-fiber filters and then
dried at 60uC for 24 h. Filters were then acidified with
sulfurous acid, and dried again at 60uC for 24 h.
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Table 1.
Stream

Summary of radiocarbon data from selected streams in Taylor Valley.
Material*

yr BP

Fm

d13C

Dec 2001
Dec 2001
Dec 2001
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Nov 2004

modern
292649
modern
1247673
modern
modern
modern
modern
modern
modern
modern
41,300654

1.04
0.96
1.05
0.86
1.07
1.06
1.08
1.19
1.03
1.18
0.99
0.01

1.8
20.9
0.0
212.6
20.1
20.5
0.0
24.7
24.0
23.2
0.3
0.5

Dec 1999
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Dec 1999
Jan 2002
Dec 1999
Dec 1999

1294669
modern
1158631
1180631
267635
modern
880659
modern
modern
2782655
175673

0.85
1.07
0.87
0.86
0.97
1.01
0.90
1.03
1.10
0.71
0.98

22.3
0.1
28.0
28.2
215.9
217.4
22.7
1.02
215.7
210.3
211.6

Location

Sample date

Streams with steep or variable gradients
Andersen
DIC
DIC
DIC
Andersen
MAT
Canada
DIC
DIC
DIC
Lawson
DIC
DIC
Priscu
DIC
DIC
Blood Falls{
DIC

source
middle
mouth
middle
source
middle
mouth
source
middle
source
mouth
source

Streams with gentle to moderate gradients
Green
DIC
DIC
Green
MAT
MAT
MAT
MAT
Delta
DIC
DIC
Delta
POC
Delta
MAT
MAT

source
mouth
source
source
middle
mouth
source
mouth
source
source
mouth

14C

* DIC, dissolved organic carbon; POC, particulate organic carbon; MAT, microbial mat.
{ Data from Mikucki et al. (2009).

Sediment and benthic organic carbon—Ice-cover sediment
samples were collected from the Lake Hoare (LH) ice
surface using a trowel. In all lakes, lake-bottom samples
were collected with an Ekman dredge in the deeper regions
of the lake, while shallow moat and stream samples were
collected with slotted metal trowels. After collection, all
microbial mat and sediment samples were immediately
wrapped in precombusted aluminum foil, inserted into
Whirl-pakTM bags, and frozen at 220uC. All sediment and/
or microbial mat samples were later dried at 60uC, treated
with 1 mol L21 HCl, rinsed with distilled water, treated
with 1 mol L21 NaOH, rinsed again with distilled water,
then treated a final time with 1 mol L21 HCl and rinsed
with distilled water until neutral.
Accelerator mass spectrometry—All CO2(g) (gaseous phase
of CO2) samples were prepared on a vacuum extraction line
by either acidification (DIC) or combustion (organic matter),
followed by cryogenic separation of CO2(g). Blanks for all
samples types were prepared. All blanks yielded CO2
concentrations below the detection limits of the digital
manometer (0.1 mmol). 14C : 12C ratios were determined at
the National Science Foundation Accelerator Mass
Spectrometry facility at the University of Arizona and
corrected for age determination. Samples collected from
Blood Falls were processed in a similar manner but were
analyzed at the National Ocean Sciences Accelerator Mass
Spectrometer (NOSAMS) facility as described by Mikucki
et al. (2009).

Duplicate DIC, POC, and microbial algal mat samples
were processed and analyzed to determine sample age
homogeneity and sample technique biases. All duplicatesample 14C : 12C ratios were within one sigma of each other.
Duplicate radiocarbon ages were analyzed for the following
materials, microbial mat from Green Creek source, POC
17 m in Lake Fryxell (LF), and East Lake Bonney (ELB)
DIC at 6 m.
All of the 14C ages are reported in terms of Fm (fraction
of modern carbon) where modern samples are assumed to
have an Fm of 1.0. Because of the sharp rise in global 14C
concentration during the early 1960s as a result of nuclear
bomb testing, Fm was equivalent to , 1.9 and has been
dropping since (Currie 2004). Results in this paper are also
reported in 14C yr BP but must only be considered as
apparent ages.

Results
The presentation of the results on the distribution of
in the dry valleys will follow the water from glaciers to
streams to lakes (Fig. 2), and the biological and abiological cycling of carbon within liquid water along those
pathways.

14C

Glacier melt and streams—Streams with gentle gradients
(e.g., Green Creek and Delta Stream) have older apparent
14C ages of both DIC and microbial mats near their source
of glacial melt (Table 1; Fig. 3) than near their mouth. This

McMurdo Dry Valleys lakes radiocarbon
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Fig. 3. Stream gradient profile created with digital elevation model and respective
at different stream sampling localities.

relationship was not observed for streams with steeper
gradients, such as Canada Stream, for which DIC and
microbial mats are both modern near their glacial water
sources and at their mouth. One exception to these patterns
was observed for the steep Andersen Creek, the DIC of
which is older (292 6 49 14C yr BP) at mid-course than the
modern DIC at its source and mouth. A microbial mat
collected in mid-course on Andersen Creek also had a nonmodern apparent age (1247 6 73 14C yr BP). A profile of
microbial mat ages collected from Green Creek shows a
clear trend of older 14C ages at the stream source and
increasing 14C activity downstream (Table 1). In contrast,
POC collected at the source of Delta Stream yielded a
modern 14C activity (Table 1).
Discharge into WLB includes not only flow from alpine
glaciers and Taylor Glacier melt, but episodic subglacial
discharge. Taylor Glacier subglacial outflow was collected
at its surface release point (Blood Falls) during a discharge
event in 2004. This outflow is the oldest aquatic 14C age in
the dry valleys (41,300 6 54 14C yr BP). Ages of samples
Table 2.

14C

ages

collected at times when subglacial discharge is not actively
released vary widely because of dilution with supraglacial
melt and equilibration at the surface and degassing.
Lake moats—The microbial mats and DIC of moat
water from the bottom of the moats commonly have 14C
activity , 100% modern carbon. Only LF moat DIC and
mat samples have modern levels of 14C activity (Table 2).
In contrast, LH and WLB moat DIC have a low Fm
(Table 2). At LH, we tested whether there was a 14C
gradient with depth in a shallow (0.5 m) moat; the surface
(the top 0.01 m) water age was 3160 6 120 14C yr BP, while
bottom water yielded a 14C age of 3790 6 100 yr BP.
In LF, LH, and WLB, moat mats have apparent ages
comparable to those of the moat DIC (Table 2). However,
the single ELB moat mat sample analyzed has significantly
less 14C than any moat samples of the other lakes.
Lakes (under the permanent ice covers)—LF DIC 14C
ages all have modern signatures in the upper water column

Radiocarbon age summary of moat locations.

Lake
Hoare
Fryxell
East Lake Bonney
West Lake Bonney

Depth (m)

Material*

Location{

Sample date

0.01
0.5
—
0.3
0.3
0.4
0.7
0.7

DIC
DIC
MAT
DIC
MAT
MAT
DIC
MAT

SD
SD
SD
SD
SD
SP
SD
SD

Dec 2001
Dec 2001
—
Jan 2002
Jan 2002
Jan 2002
Jan 2002
Jan 2002

* DIC, dissolved organic carbon; MAT, microbial mat.
{ SD 5 stream-distal, SP 5 stream-proximal.

14C

yr BP

Fm

d13C

31606120
37906100
2324696
modern
modern
9334671
2629636
2608648

0.68
0.62
0.75
1.06
1.01
0.31
0.72
0.73

24.2
24.8
221.7
21.1
27.0
225.3
20.2
211.0

816

Doran et al.

Fig. 4. Radiocarbon ages of DIC, DIC concentrations, and zones of calcite saturation (grey areas) for the lakes of Taylor Valley.
Black diamonds represent McMurdo LTER 10 yr average DIC concentrations and open squares are 14C ages (shaded open squares
indicate samples collected in Nov 2006 and processed at NOSAMS). 4He concentrations (crosses) from Poreda et al. (2004) are added for
comparison (note the order-of-magnitude difference between ELB and WLB scales).

(6 and 8 m), while bottom-water (16 and 18 m) apparent
DIC ages are , 2000 14C yr BP (Fig. 4A; Table 3). LF
POC and benthic organic carbon (BOC) at 8 m are
all modern in age as well. BOC, with an apparent age of
, 3000 14C yr BP, is present at a depth of 16 and 18.5 m in
the center of the lake (Table 3). At 16 m and 18 m, the BOC
is , 1000 yr older than the DIC (, 2000 14C yr BP)
sampled at the corresponding depths (Table 3).
At 6 m, LH DIC is modern. The bottom-water (21.3 m)
DIC apparent 14C age is 3424 6 37 yr BP (Table 3;
Fig. 4B). At 10 m, the POC is 10,785 6 73 14C yr BP

(Table 3). The deep-water (32.4 m) BOC radiocarbon age
of LH (3153 6 49 14C yr BP) is comparable to that of the
bottom-water DIC (Table 3).
In WLB, DIC ages at 6 m in January 2002 averaged 4677
14C yr BP. Below 6 m, DIC apparent age increases with
depth to reach a consistently old age of between , 21,000
and 26,000 14C yr BP from 15 m to the lake bottom
(Table 3; Fig. 4C).
At a depth of 6 m, the apparent age of ELB DIC
(average of , 3500 14C yr BP) is younger than in WLB
(average of , 4700 14C yr BP). DIC apparent age in ELB is

Location*
center
center
center
mid-SD
mid-SP
mid-SD
mid-SP
center

Jan 2002
Jan 2002
Jan 2002
Nov 2002
Nov 2002
Nov 2006
Nov 2006
Jan 2002
Nov 2006
Jan 2002
Jan 2002
Dec 1999

6
6
6
12.5
15
15
20
23
25
28
39
39

3531674
5081637
5420644
11,818665
20,9706160
21,1426100
22,7286100
23,8106260
27,1366130
25,7306240
25,0606210
22,9506250

3491645
3512635
13,6706110
11,262659
10,376653
8581680

yr BP
modern
3424637
modern
modern
modern
modern
2041632
2030640

14C

0.64
0.53
0.51
0.23
0.07
0.07
0.06
0.05
0.03
0.04
0.04
0.06

1.9
1.6
1.5
4.4
21.4
20.4
21.2
20.2
21.3
22.4
21.8
21.7

center
center
center
—
—
—
—
—
—
—
—
—

center
center
center
center
—
—
6
14
40
—
—
—
—
—
—
—
—
—

6
15
22
30
—
—
Jan 2002
Jan 2002
Jan 2002
—
—
—
—
—
—
—
—
—

Jan 2002
Jan 2002
Jan 2002
Jan 2002
—
—
modern
463636
1754650
—
—
—
—
—
—
—
—
—

modern
3679641
4405640
5101648
—
—

Depth Sample
14C yr BP
d13C Location* (m)
date
25.8 center
10 Dec 2001 10,785673
20.1
—
—
—
—
3.3 center
9 Jan 2002 modern
3.2 center
11 Jan 2002 modern
3.1 center
17 Jan 2002 modern
3.2 center
17 Jan 2002 modern
22.2 center
18 Jan 2002 modern
22.6
—
—
—
—

0.65 2.1
0.65 2.0
0.18 1.1
0.25 20.7
0.27 8.0
0.34 6.9

Fm
1.02
0.65
1.29
1.28
1.30
1.31
0.78
0.78

Particulate organic carbon

* center, center of lake; mid, between center and shore; SD, stream distal; SP, stream proximal.
{ Analyzed at NOSAMS facility; all other 14C was run at University of Arizona AMS.

Jan 2002
Jan 2002
Dec 2002
Dec 2002
Jan 2002
Jan 2002

6
6
16
21
37
39

Depth Sample
(m)
date
6 Dec 2001
21.3 Dec 2001
6 Jan 2002
6 Jan 2002
6 Jan 2002
8 Jan 2002
16 Jan 2002
18 Jan 2002

Dissolved inorganic carbon

229.9
231.0
227.9
229.3
—
—

mid-SD
mid-SP
center
—
—
—
—
—
—
—
—
—

mid-SP
—
—
—
—
—

28
28
39
—
—
—
—
—
—
—
—
—

37.3
—
—
—
—
—

Depth
d13C Location* (m)
227.0 Center
32.6
—
—
—
235.0 mid-SD
8
232.0 mid-SP
16
232.9 center
18.5
233.2
—
—
232.5
—
—
—
—
—

1.14 223.7
0.94 228.5
0.80 225.4
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

1.10
0.63
0.58
0.53
—
—

Fm
0.26
—
1.62
1.19
1.41
1.40
1.49
—

8288652
—
—
—
—
—

yr BP
3153649
—
modern
3030638
2809677
—
—
—

14C

d13C
229.1
—
228.7
227.9
230.2
—
—
—
.36 224.7
—
—
—
—
—
—
—
—
—
—

Fm
0.68
—
1.26
0.69
0.70
—
—
—

Jan 2002 11,423677 0.24 228.4
Jan 2002 8530679 0.35 228.4
Jan 2002 10,188667 0.28 229.5
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

Jan 2002
—
—
—
—
—

Sample
date
Dec 2001
—
Jan 2002
Jan 2002
Jan 2002
—
—
—

Benthic organic carbon

Summary of radiocarbon data of dissolved inorganic carbon and particulate and benthic organic carbon in McMurdo Dry Valley lakes.

East Lake
Bonney center
mid-SP
center
center
mid-SP
center
West Lake
Bonney center
mid-SD
center
center
center
center{
center{
center
center{
mid-SD
center
center

Fryxell

Lake
Hoare

Table 3.

McMurdo Dry Valleys lakes radiocarbon
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Table 4. Modeled calculations (Ebnet et al. 2005) of Canada Glacier and Taylor
Glacier inputs directly to lakes or via stream discharge.
Year
98–99
Input from Canada Glacier to Fryxell Basin
Canada Stream
Discharge m3
%
Green Creek
Discharge m3
%
Direct to Lake Fryxell
Discharge m3
%
Input from Canada Glacier to Hoare Basin
Andersen Creek
Discharge m3
%
Direct to Lake Hoare
Discharge m3
%

99–00

Direct glacial vs. stream input—Moat water is derived
from direct glacial melt and from stream contributions. To
estimate the magnitude of stream vs. direct glacial melt for
all major lakes of Taylor Valley, we used the model of
Ebnet et al. (2005). We combined temperature data and
potential direct solar radiation for Taylor Valley during
December and January from 1998 to 2002 in order to
predict the amount and partitioning between these two
freshwater inputs (Table 4). As the data show, this
partitioning varies year-to-year.

01–02

138,281
31

24,254
24

0
0

384,154
33

168,688
38

40,495
40

0
0

441,562
38

133,882
30

35,530
35

2655
100

343,144
29

72,353
20

14,960
18

1053
18

196,329
20

298,354
80

67,576
82

4671
82

791,966
80

61,188
39

8,762,693
36

61,842
40

11,088,400
45

32,899
21

4,810,397
20

Input from Taylor Glacier to Bonney Basin
Santa Fe Stream
Discharge m3
3,424,921 935,792
%
36
36
Lyons Stream
Discharge m3
4,312,879 1,160,307
%
45
45
Direct to West Lake Bonney
Discharge m3
1,869,176 501,844
%
19
19

at maximum at 16 m (, 13,700 14C yr BP) and decreases
toward the lake bottom (8600–10,400 14C yr; Table 3;
Fig. 4D).
ELB POC shows a progression in ages from modern at
6 m to 5101 6 48 14C yr BP at 30 m. In WLB where DIC
ages are old, the POC is comparatively very young. POC is
modern at 6 m, 463 6 36 14C yr BP at the chemocline, and
1754 6 50 14C yr BP at 40 m.
For ELB, the age of the BOC was measured on sediments
cradled between halite crystals, the dominant mineral at the
sediment surface (Wagner et al. 2010). The 14C age from one
sample collected at 37.3 m is 8288 6 52 14C yr BP (Table 3).
It is noteworthy that this age is similar to that of DIC at 39 m
depth. WLB BOC at 28 m ranges from 11,423 6 77 14C yr
BP at the stream-distal location to 8530 6 79 14C yr BP at
the stream-proximal sample location (Table 3).

00–01

Discussion
Glacier melt and streams—Glacier ice melt will be
considered here as the beginning of the liquid portion of
the dry valley hydrologic system. Because of the old age of
Antarctic glacier ice, melt DIC should be 14C-deficient
relative to modern carbon. Doran et al. (1999) obtained a
radiocarbon age of . 7000 14C yr BP from the DIC of ice
collected at the base of Howard Glacier, a relatively small
alpine glacier in Taylor Valley that is the source of Delta
Stream (Fig. 1).
As meltwater travels downstream, from 14C-deficient
glacial source toward the lakes, equilibration of DIC with
atmospheric CO2 occurs. Andersen Creek, Canada Stream,
Lawson Creek, and Priscu Stream have exceptionally steep
gradients (thus enhanced roughness and turbulence), and
therefore stream water quickly equilibrates with modern
CO2, resulting in high Fm values very close to the glacier
fronts. The mid-course older apparent DIC age in
Anderson Creek occurs just after the stream undercuts
the adjacent Canada Glacier, suggesting a second contribution of old Canada Glacier meltwater DIC.
The modern POC collected at the source of Delta
Stream may indicate that the majority of the organic
particulate matter in this stream is derived from organisms
assimilating modern DIC and that glacier ice does not
release significant amounts of old POC to the streams.

McMurdo Dry Valleys lakes radiocarbon
This result is in contrast to the old age of DIC and
microbial mats reported by Doran et al. (1999) at the
source of the same stream.
The modernization of benthic organic matter (i.e.,
microbial mats) with distance in Green Creek reflects the
age of the DIC sampled at the same sites. These results
indicate that the apparent 14C ages of microbial mats
integrate the contribution of assimilated DIC of variable
age. Downstream, the DIC progressively equilibrates with
the atmosphere (yet at variable rates as a function of stream
roughness), and this rejuvenation is reflected in the
microbial mat 14C apparent age, with modern DIC and
mats at the stream mouths. Modern ages were also reported
for microbial mats collected at the mouth of Andersen
Creek, Von Guerard, and Crescent Stream by Doran et al.
(1999). Thus, the 14C concentration of microbial mats
reflects the age of their carbon source (DIC) and does not
necessarily reflect the age of the mat.
Subglacial discharge—The outflow collected at Blood
Falls also shows a significant modernization in 14C DIC
age. Despite a relatively short distance from Blood Falls to
the WLB moat, the subglacial brine pours over a steep and
hummocky ice-cored moraine, accelerating atmospheric
equilibration. However, at Blood Falls, loss of CO2 from
degassing likely dominates because the brine released from
below the glacier is under pressure and begins to degas as it
migrates along the moraine surface to the lake. Samples
collected at the source on 15 November had Fm values of
0.013; 2 d later on 17 November, samples collected at the
same site had Fm values of 0.086.
Lake moats—The source of the DIC and resulting 14C
activity in the moats depends of the partitioning of the
glacial melt. For the 2001–2002 summer seasons, streams
accounted for $ 89% of the total freshwater input into LF,
with , 11% from direct glacial input from Canada Glacier
(Ebnet et al. 2005). Total stream input was likely even
greater because two stream gages were destroyed because of
excessive stream flow during the 2001–2002 season and
could not be taken into account by Ebnet et al. (2005). In
addition, LF moats are generally much larger in area than
those of other Taylor Valley lakes in response to both large
inputs of relatively warm stream waters and shallow basin
morphology (Mcknight and Andrews 1993; Lawson et al.
2004). More open water, in combination with wind-driven
mixing, should promote equilibration of DIC with atmospheric CO2. Thus, large input of atmospherically equilibrated DIC from streams, as well as mixing of the moat,
explain well the modern levels of 14C measured for the
moat DIC of LF. Microbial mats from LF moats have
modern 14C activities (Table 2), indicating the moat DIC as
a carbon source. In contrast, the older apparent 14C age of
the other lake moats at all depths suggest that although the
moats are mixed, they are not always in equilibrium with
the atmosphere. Our results suggest that they are more
often out of equilibrium with the atmosphere. The origin of
the radiocarbon-deficient moat waters is perplexing but is
pervasive and appears real. We believe the explanation may
be different for the different lakes.
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The old carbon in the moat water could be derived from
direct glacial melt. According to our calculations using the
model of Ebnet et al. (2005), LH received 80% of its
freshwater inputs directly from Canada Glacier and 20%
from Andersen Stream (Table 4). Thus, in LH, direct
contribution of glacial melt from Canada Glacier likely
explains the apparent age of the moat DIC. This suggests
that there is minimal exchange with the atmosphere as
water moves through the moat. However, the model of
Ebnet et al. (2005) suggests that only 20% of WLB
meltwater comes directly from Taylor Glacier (Table 4)
and yet moat DIC has old apparent ages. Taylor Glacier
should have very old ice in comparison to the smaller alpine
glaciers. A simple mass-balance calculation using the
measured 14C : 12C ratios in the DIC of the moat water
and using the modern stream-water DIC values (see
Table 1) suggests that if Taylor Glacier ice is 14C-deficient,
then 27% of the moat water would need to come from
direct glacier input. This value is in broad agreement with
the 20% glacier melt estimate using the Ebnet et al. model.
That moat mats generally have similar 14C activity to the
moat DIC is expected because the mat organisms are
assimilating the carbon from the DIC. However, the source
of the old carbon in the single ELB moat-mat sample is
perplexing. The d13C value for the ELB moat-mat organic
carbon is also significantly depleted in 13C (d13C 225.3%)
relative to all other moat mats analyzed by Lawson (2005);
d13C 219.6 to 29.2%, n 5 12). Although we do not have
an ELB moat DIC sample for comparison, the DIC of ELB
water immediately under the permanent ice is , 2%, and
water-column values were never , 0% (Lawson Knoepfle
et al. 2009). Thus, upwelling of 13C- and 14C-deficient water
cannot account for the isotopically light ELB microbial
mats. One explanation is that the mat itself may have been
displaced from deeper in the lake. Microbial mats are
buoyant once detached from the bottom (Parker et al.
1982), so contamination of shallow areas by deeper mats is
possible. Another possibility is that shallow ground-water
seeps (Levy et al. 2011) emanate from the bottom of the
moats, which carry DIC with a radiocarbon effect that gets
fixed by the mat organisms.
Lake Fryxell (under the permanent ice cover)—The
, 2000 14C yr BP DIC 14C age stratification from top to
bottom in LF possibly corresponds to a closure of the
saline bottom waters due to the refilling of the lake, which
commenced in the past few millennia (Lawrence and Hendy
1985; Lyons et al. 1998; Wagner et al. 2006). However, if
this were the case, we would expect more positive d13C
values than those observed (Table 3). Smith et al. (1993)
demonstrated that anaerobic methane oxidation occurs in
LF bottom waters. This was further supported by the work
of Lawson Knoepfle et al. (2009), which showed that DIC
in the bottom waters of LF derive mostly from respiration
by heterotrophic organisms, including methanotrophs.
Oxidation of methane sourced by methanogens metabolizing older sedimentary organic matter may also contribute
to the apparent age of bottom water DIC, which is further
supported by the older benthic organic material in the
center of LF. The entire water column of LF is saturated
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with respect to calcite (Fig. 4); therefore, it is unlikely that
there is any significant contribution from carbonate
dissolution to the DIC pool (old 14C ages) at the lake
bottom. The surface-water ages between 6 and 8 m are
modern as a result of large modern meltwater inputs from
the stream into the moats. The combined results of modern
POC ages throughout the water column, modern shallow
BOC, and older deep BOC (which is older than the
adjacent DIC) indicate that a large portion of the
particulate component of this lake is actively metabolized
in the trophogenic zone and subsequently falls out over
relatively short periods of time. Furthermore, living benthic
mat is assimilating carbon derived from older sources,
probably respired carbon from decaying mat layers
beneath.
Lake Hoare (under the permanent ice cover)—Modern
shallow DIC does not agree with published DIC 14C ages of
, 1600 14C yr BP at 4 m and 5 m (Doran et al. 1999).
However, different sources of water may contribute to the
6 m apparent age of DIC, including modern stream flow,
lake ice melt, and direct glacial melt that does not
equilibrate with the atmosphere. Collectively, these disparate sources, and exposures to the atmosphere, contribute
to variability of 6 m DIC ages. This hypothesis is
concordant with the significant variation in d13CDIC
(ranging from , +7% to 24%) between 6 and 7 m depth
reported previously (Lawson Knoepfle et al. 2009).
Bottom-water DIC apparent 14C ages compare reasonably
well with a previously published apparent age of 2670 6 50
14C yr BP at 25 m depth (Doran et al. 1999), but also points
to variability in DIC apparent age at depth. Although LH
water is dilute and considered well-mixed, pockets of
anoxia exist in isolated depressions along the lake bottom
(P. Doran unpubl.), indicating that the lake is not fully
mixed and isolated water parcels with distinct properties
can occur in close proximity to one another. Prior to this
study, only two POC dates for the McMurdo Dry Valleys
were reported (both for LH; Doran et al. 1999). Our 10 m
POC age is intermediate to the 10,280 6 70 14C yr BP at
12 m and 13,530 6 60 14C yr BP at 6 m reported by Doran
et al. (1999). It can be speculated that the old POC just
under the ice cover reflects a large proportion of
allocthonous material—possibly wind-transported soils,
such as that measured by Lawson (2005; 5943 6 46 14C
yr BP and d13C 220.9 %). With depth, the POC becomes
increasingly enriched in younger autochthonous organic
matter. The concordance between our deep-water BOC and
DIC radiocarbon ages supports the conclusions of Lawson
et al. (2004) that POC does not contribute significantly to
BOC in LH, and that of Hawes and Schwarz (1999) that
benthic primary production is greater than pelagic production in this lake.
East and West Lake Bonney (under the permanent
ice cover)—Old, shallow DIC in WLB is most likely
derived from direct input of Taylor Glacier supraglacial
and subglacial melt. Mass-balance calculations using the
measured 14C : 12C ratios of the DIC of the 6 m water and
using the modern stream-water DIC values (see Table 1)

suggest that if Taylor Glacier ice is 14C-deficient, then
, 45% of water at 6 m derives from direct glacier input.
These calculations, in combination with those done for the
WLB moat (, 27% direct glacier input), suggest an
increasing contribution of direct Taylor Glacier ice melt
as you move beneath the lake ice. This is expected because
the moat is where modern, relatively dilute stream water
enters the lake.
To our knowledge, the bottom water of WLB is the most
14C-deficient lacustrine water reported on Earth today, and
is significantly older than the 15.5 kyr BP DIC ‘‘bottom
water’’ age reported by Hendy et al. (1977) and reproduced
in Hendy and Hall (2006). Hendy et al. (1977) used their
bottom-water age and calculations of the WLB diffusion
cell age to conclude that WLB began filling , 15 kyr ago.
The entire WLB water column is undersaturated with
respect to calcite, and it is possible that dissolution of
underlying ancient lake carbonates (particularly at depths
below the chemocline in WLB; Fig. 4C) are responsible for
the old apparent ages. However, the d13CDIC values are too
negative for the source to be ancient carbonates. Another
potential source of old carbon is from trapped brine
beneath Taylor Glacier that reaches the surface at Blood
Falls (Mikucki et al. 2004, 2009). The subglacial brine that
releases from below the Taylor Glacier contains the oldest
14C age of water samples collected in the dry valleys. The
density of Taylor subglacial discharge is , 1100 kg m23
(Keys 1979) and would reach density equilibrium at , 22–
25 m depth in the WLB water column (Spigel and Priscu
1996). There is also evidence, from a recent autonomous
underwater vehicle survey of the glacier face, that brine is
being introduced to the lake from the glacier or bed contact
(P. Doran unpubl.). Regardless of the location of the
injection, the old, dense brine likely ages the signature of
the DIC in both lobes of Lake Bonney water column below
the chemocline.
Finally, some component of the old carbon is undoubtedly associated with the actual time the lower brine has
been out of contact with the atmosphere. However, these
ages are extremely young considering that Poreda et al.
(2004) suggested that WBL has been accumulating He for
. 1,000,000 yr. These authors also recognized that the 4He
in the brine could not be accounted for by sediment
production alone, thereby confounding these age calculations. Additionally, it is noteworthy that some of the POC
at the bottom of WLB is , 1800 14C yr BP and that
decomposition of POC may contribute to the rejuvenation
of bottom-water DIC.
ELB receives surface flow from WLB through a narrow
channel connecting the two (Spigel and Priscu 1998). The
younger age of ELB at 6 m is probably a result of modern
stream input along the flow path from west to east. The
older apparent ages in the middle of the water column are
unusual and most likely relate to an input of saline water
from the chemocline of WLB. We refer to this process as
‘‘chemocline leakage.’’ The old, saline, and DIC-rich WLB
chemocline water found its way over the sill and then sank
in ELB to a depth of equal density (Fig. 5) as previously
suggested by Spigel and Priscu (1998). Chemocline leakage
requires a slightly higher elevation of the chemocline of
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Fig. 5. Salinity profiles for ELB and WLB measured on 10
and 11 November 2001, respectively.

WLB than the sill. Thus, chemocline leakage points to a
change in the elevation of the chemocline, probably as a
result of either an advance of Taylor Glacier into WLB or a
large input of dense subglacial waters, possibly associated
with Blood Falls.
The bottom-water mass of ELB has very positive d13C
values for DIC (+8.0% at 37 m and +6.9% at 39 m),
suggesting that this water mass was subjected to intense
evaporation (Hendy et al. 2000; Lawson Knoepfle et al.
2009). The origin of the old DIC at the bottom of ELB is
unclear (Fig. 4D). The first possibility is that the 14C age
corresponds to the date of isolation of the saline bottomwater mass from the atmosphere by a freshwater lid (minus
a reservoir effect if any) because it was estimated that this
evaporating water mass was well-mixed and equilibrated
with the atmosphere (Poreda et al. 2004). However, the
bottom waters of ELB are undersaturated relative to calcite
(Fig. 4D, Neumann et al. 2004). Thus, the second
possibility is that the old DIC derives from dissolution of
underlying carbonates. At , 172 cm in a core collected at
the bottom of ELB, the 14C age of carbonate is , 10,900
14C yr BP and the d13C values of carbonates average +7.6%
(n 5 2; Wagner et al. 2010). The d13C values of DIC in
bottom waters are concordant with those of carbonates in
the core at , 172 cm, suggesting a relationship. However,
the sediments at the bottom of ELB are impermeable
evaporites through which even helium is not able to diffuse
(Poreda et al. 2004). Thus, it is highly unlikely that the
sediments accumulated at the bottom of ELB contributed
carbon to the DIC. The relationship between core
carbonates and bottom-water DIC suggests that the DIC
is the source of the carbonates.
Both the ELB and WLB POC chronologies may be
indicative of the presence of old detrital inputs derived from
the ice cover and subsequent settling (despite density
stratification of the water column) over long periods of
time. The POC ages in ELB do not parallel the trends
observed in DIC ages, indicating that the POC did not form
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from this DIC. However, modern POC at 6 m, as well as the
relatively young POC at the depth of maximum primary
productivity (, 12–15 m) where their source of carbon
(DIC) is old, is problematic. If this relatively young POC is
phytoplanktonic, it should be a reflection of the DIC age. At
this point, we are unable to identify the modern or young
carbon source used by phytoplankton or identify any
possible experimental or laboratory contaminations.
In ELB and WLB, BOC derives from POC accumulation
(Lawson et al. 2004). Therefore, at the maximum primary
productivity zones (, 6 m and 15 m), if DIC ages are a
proxy for phytoplanktonic POC ages, then the averaged
DIC ages would be in agreement with the analyzed 14C age
of the BOC, indicating that the BOC is derived from
phytoplanktonic particulate fallout in ELB.
In WLB, proximity to streams seems to provide younger
BOC ages (Table 3). Because BOC is dominated by POC
contributions, it can be hypothesized that more modern
stream POC is delivered to the stream-proximal locations,
where it settles out of the water column, and ultimately
‘‘modernizes’’ the stream-proximal BOC. Assuming that the
majority of the stream-derived POC is modern (Table 1), a
contribution of 5% from stream POC to the BOC of the
stream-proximal sample is needed to account for the 3 kyr
difference with the BOC of the stream-distal samples. As
WLB receives , 78% of its water input per year from
streams (Table 4), which are predominantly located on
its west side, stream POC inputs may not be evenly
geographically distributed. If we look at the 6 m DIC ages
from ELB as an example, both the samples from the center
of the lake and from the stream-proximal location have
congruous dates, indicating that stream inputs were not
influencing the overall ages of the water column.
A revised history for Lake Bonney—The most recent
attempt at reconstructing the limnologic history of the two
Lake Bonney lobes was done by Poreda et al. (2004) using
noble gas geochemistry and is summarized as follows: (1)
Before 3000 BP: Both lobes were below the level of sill.
WLB was ice-covered and stratified and ELB was an icefree, well-mixed, and evaporated waterbody. (2) Between
3000 and 200 BP: WLB was spilling into ELB and ELB
level progressively rising, ELB remaining well-mixed. (3)
200 yr BP: ELB fills to the level of the sill and the two lobes
coalesce with both lobes covered by ice and stratified.
Currents flow from WLB to ELB over the sill. We note
here that comparing a recent sonar survey of the channel
(P. Doran unpubl.) and observations of Scott (1905) show
the depth of the narrows was barely a few meters deep a
century ago, adding support to a recent overflow.
Our data suggest that a moderate modification (Fig. 6)
to this interpretation is necessary because (1) An ice-free
and well-mixed ELB until 200 yr BP cannot account for the
ELB bottom-water DIC maximum age of 10,400 14C yr BP.
This age is comparable to those measured by Wagner et al.
(2010) of 175 cm (10,900 14C yr BP). These data suggest
that the accumulation of evaporites was very rapid. The
precipitation of evaporites ceased as soon as a freshwater
cap formed on the lake, most probably at approximately
10,000 yr BP. (2) There is now evidence for subglacial input
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Fig. 6. Schematic successions of events in East and West Lake Bonney. Arrows at left
indicate major inflows from surface streams, and subglacial saline discharge (e.g., related to
Blood Falls) below the chemocline. The thick line at the bottom of ELB represents halite deposits.

of dense, saline, and potentially ancient water from Taylor
Glacier (P. Doran unpubl.), as suggested previously by
Spigel and Priscu (1998). Such an input would have
implications for the interpretation of diffusion models such
as that used by Poreda et al. (2004). Poreda et al. (2004)
assumes a constant influx of helium. A subglacial input of
water could explain the very poor model fit for 3He : 4He in
Poreda’s data and compels us to question the 3000 yr

initiation of spillover from WLB to ELB, which is partly
based on the 3He : 4He diffusion model fit. (3) Interpretation of helium data for ELB does not take into account the
equilibration with the atmosphere, which would have
occurred as water flowed in a shallow stream from WLB
and ELB. (4) The water in the zone of calcite saturation in
ELB can be considered as derived from WLB chemocline
(Fig. 4). The differences in depth maxima of helium and

McMurdo Dry Valleys lakes radiocarbon
DIC concentrations, as well as DIC age, suggests multiple
events of WLB water introduction in ELB water column.
As suggested by Poreda et al. (2004), helium in ELB can be
derived from an input of WLB water. (5) Thus, it is most
likely that 200 6 50 yr determined by Poreda et al. (2004)
represents the time when waters of WLB could reach ELB
without being equilibrated with the atmosphere—thus,
when the lakes’ levels were the same and both had a
freshwater lid and an ice cover. (6) Interpretation of helium
data for ELB does not take into account chemocline
leakage. The model of Poreda et al. (2004) moves water
from the freshwater lid of WLB to ELB. At the chemocline,
the concentration of helium is much higher than in the
overlaying freshwater (Fig. 4).
An ELB being filled with freshwater derived from WLB
would almost certainly have a freshwater cap and be icecovered. This freshwater cap would stratify the lake and
isolate bottom waters. Water flowing from WLB to a low,
evaporated ELB between 3000 and 200 yr BP would aerate
in the stream flowing from the sill and would equilibrate
with modern CO2, as observed in modern streams, and
could not explain the old apparent age of ELB bottom
waters. So we would expect to see radiocarbon bottom ages
in ELB of between 200 and 3000 yr BP if Poreda et al.
(2004) are correct and because the dissolution of ancient
carbonates are unlikely to be a major source of DIC as
argued above.
Surface-water ages in WLB and ELB are relatively
young and could not create the significantly older apparent
age of the middle ELB water column. Therefore, in absence
of any other older source of carbon, the old carbon of ELB
must be derived from water of WLB at the chemocline.
This chemocline leakage model is reasonable because it
explains the inverted chronology and respects what is
known of ELB and WLB limnologic histories.
The ELB profile of DIC concentration with depth
(Fig. 4), essentially details the mixing effect of highly
concentrated WLB waters into ELB. This profile shows a
gradual transition from the lowest concentrations, at ELB
bottom depths, to a maximum at the chemocline (, 20 m)
and then a decrease in concentration to the top of the water
column. In ELB from , 39 m to 35 m, the enriched
d13CDIC values, low DIC concentrations, and corresponding old ages indicate these are old evapo-concentrated brine
waters (Lawson Knoepfle et al. 2009). From 30 m to 22 m,
increasing DIC concentrations represent mixing of WLBimported waters with ELB deep, old waters (Figs. 4, 5).
Variations in DIC concentrations of ELB waters between
the depth of 22 and 13 m reflect changes in the amount and
density of WLB water input. The shallowest ELB waters
show the influence of freshwater circulation between the
two lobes (Spigel and Priscu 1998), derived from glacial
melt, that has occurred since the development of the ELB
ice-cover (200–300 yr BP) and continues today (Poreda
et al. 2004).
The chemocline leakage hypothesis is further substantiated by modeling the mixing of surface and bottom-water
DIC concentrations and corresponding d13C values in both
ELB and WLB (Fig. 7). Superimposing this mixing line on
plots displaying the relation between measured DIC
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Fig. 7. Mixing lines for (A) Fm vs. 1/[DIC], (B) d13C vs. 1/
[DIC], and (C) d13C vs. Fm. Lines between surface and bottom waters
for ELB showing that waters at 16 and 21 m are allochthonous. For
WLB, mixing lines starting just above the chemocline to the lake
bottom show that surface water does not significantly mix with
deeper water. Numbers by the symbols represent the depth of the
sample corresponding to values in Table 3.

concentration, Fm, and d13CDIC, the data show that there
is no ‘‘typical’’ mixing (mixing between high DIC concentration [deep water] and low DIC concentration [shallow
water]) history in these lakes. The middle water-column
values never plot on the mixing line, indicating a different
origin. This mixing model and the simplified mixing
algorithm independently confirm that our 14C ages are
explained by the chemocline leakage hypothesis.
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The discrepancy between the depth of the maximum
DIC and helium concentrations in ELB points to a
complex history of WLB chemocline water flow into
ELB. The chemocline leakage hypothesis does not imply
that all leakages occurred at the same time, were
continuous, or were of the same magnitude. The DIC
concentration is at maximum at , 22 m, but that of
helium is at maximum at 15 m and the DIC concentration
profile suggests that the DIC input did not co-occur with a
significant input of helium, which should have been the
case if this WLB-derived water was never in contact with
the atmosphere. It can be hypothesized that the input in
ELB of the DIC-rich WLB water occurred prior to 200 yr
BP (Fig. 6B) when the surface of the two lakes were not at
the same elevation and when contributions from WLB to
ELB had to be flowing in a stream. During this short
stream transfer excess helium would have been mostly lost,
but the DIC concentration of WLB at the chemocline is so
elevated that circulation though the stream might not have
been enough to reach equilibration with the atmosphere.
Note that the DIC concentration in the glacial meltwater
of modern streams is on average (, 500 mmol L21; average
of the data obtained in 1994 to 1996 by McMurdo Long
Term Ecological Research [LTER] site on seven different
Taylor Valley streams) two orders of magnitude below
that of the water at the WLB chemocline. The transfer
from WLB to ELB of waters forming the heliumconcentration maximum in ELB must have occurred later,
when the WLB and ELB lakes were at the same level
(Fig. 7C), as suggested by Poreda et al. (2004). The
shoulder in the DIC-concentration profile, which occurs at
the same depth as the maximum helium concentration
(Fig. 4B), suggests that both helium and DIC arrived
contemporaneously in ELB and overprinted the DIC
mixing curve between waters with DIC peak concentrations. The limited number of DIC age data does not allow
sufficient resolution for interpreting the nature of the
connection between WLB and ELB.
In conclusion, we have expanded our understanding on
the extent of a radiocarbon reservoir effect in the
McMurdo Dry Valleys. Inputs of water containing ancient
DIC and other allochthonous materials (e.g., carbonates,
soil organics) affect the source carbon (DIC) and associated
living or sedimented organic matter throughout the
hydrologic pathway.
DIC from meltwater generation in the glacier is old, but
once the water leaves the glacier, the stream gradient
determines the equilibration (modernization) rate of this
ancient DIC with the atmosphere. In all streams, except
that which drains Blood Falls, the water is modern by the
time it reaches the moat of the lakes. The 14C age of
the mats that reside in the streambeds are an average of the
assimilated carbon source (i.e., the DIC).
The age of the moat DIC is largely dependent on the
amount of meltwater input from streams (modern) vs. that
from direct glacier input (old). LF is dominated by fresh
modern-stream inputs (, 90%), which accounts for its
young moat age; while WLB and LH old moat waters are
dominated by direct glacier inputs as well as a combination
of wind-blown carbonate, ground ice melt, and/or mixing

with older under-ice lake waters. In the moats of these three
lakes, the BOC ages are concordant with the DIC ages,
indicating active assimilation of the moat DIC by living
mat. There is also no significant 14C gradient with depth in
the well-mixed moats.
Under the ice cover, 14C ages of lake-water DIC and
organic matter are dependent on lake history, composition, and quantity of particulate matter fallout. LF is
characterized by modern ages in the upper water column
for DIC, POC, and BOC. The deepest (16–18 m) BOC and
DIC are old, suggesting the presence of remnant water
from an earlier lake draw-down event (, 3–1.2 kyr BP).
LF modern mats at these depths may either be assimilating
this carbon (DIC) or are an age-averaging of the mats and
detrital fallout in the BOC. LH is dominated by the
Canada Glacier (ancient DIC inputs), which is likely
influencing the DIC and POC components. Below 15 m,
carbonate dissolution (and methane oxidation) possibly is
contributing to the old DIC and BOC 14C ages in the form
of benthic organic mat assimilating old DIC.
In ELB and WLB, the unique DIC chronologies support
the idea of separate and radically different lake histories.
To our knowledge, we report the most 14C-deficient
lacustrine DIC on earth, which occurs below the chemocline in WLB. These bottom waters have an age of , 26 14C
kyr BP, which coincides with the presence of Glacial Lake
Washburn, although dissolution of ancient carbonates in
this undersaturated water column and inputs of subglacial
brine likely contributes to the apparent age. We also put
forth new independent confirmation of the different lake
histories of WLB and ELB. We show that it is possible,
using our radiocarbon ages, to derive the upper waters of
ELB (inverted chronology) from WLB.
The WLB and ELB BOC 14C ages are the same age as the
averaged phytoplankton ages at 6 and 15 m. Therefore, our
radiocarbon data further confirm previous stable isotopic
studies that show a pelagic dominance in these two lakes.
The reservoir effect in the McMurdo Dry Valleys is quite
variable and is likely dependent on the importance of
stream input vs. direct glacier input into the lakes. There
appears to be no surface reservoir effect in LF due to the
dominance of stream input. There is a reservoir effect in
LH and WLB as a result of direct glacial input, as well as in
ELB due to circulation of WLB surface waters to ELB. The
WLB and ELB reservoir effect is , 3500–5000 14C yr. LH
reservoir effect is likely larger and more variable because of
the large percentage (. 80%) of direct glacial melt to the
surface waters.
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